We conducted a series of diagnostic fitness response experiments on the coccolithophore, Emiliania huxleyi, isolated from the Subtropical Convergence east of New Zealand. Dose response curves (i.e., physiological rate vs. environmental driver) were constructed for growth, photosynthetic, and calcification rates of E. huxleyi relative to each of five environmental drivers (nitrate concentration, phosphate concentration, irradiance, temperature, and pCO 2 ). The relative importance of each environmental driver on E. huxleyi rate processes was then ranked using a semi-quantitative approach by comparing the percentage change caused by each environmental driver on the measured physiological metrics under the projected conditions for the year 2100, relative to those for the present day, in the Subtropical Convergence. The results reveal that the projected future decrease in nitrate concentration (33%) played the most important role in controlling the growth, photosynthetic and calcification rates of E. huxleyi, whereas raising pCO 2 to 75 Pa (750 ppm) decreased the calcification : photosynthesis ratios to the greatest degree. These findings reveal that other environmental drivers may be equally or more influential than CO 2 in regulating the physiological responses of E. huxleyi, and provide new diagnostic information to better understand how this ecologically important species will respond to the projected future changes to multiple environmental drivers.
Coccolithophores are a group of calcium carbonate (CaCO 3 ) producing phytoplankton, which have a global distribution (Moore et al. 2012 ) from the high latitudes of the Northern Hemisphere to the "great calcite belt" of the Southern Ocean (Balch et al. 2011) . They play important roles in the global carbon cycle through both organic carbon fixation by photosynthesis and CaCO 3 production by calcification (Milliman 1993; Westbroek et al. 1993; Rost and Riebesell 2004) ; the latter may further change the marine carbonate system by releasing CO 2 and decreasing seawater alkalinity (Riebesell et al. 2009 ). Over the last decade, research has suggested that coccolithophores may be susceptible to projected changes in oceanic conditions driven by climate change Beaufort et al. 2011; Raven and Crawfurd 2012) , especially ocean acidification (OA), the change in the seawater carbonate system caused by increased anthropogenic CO 2 emission into the atmosphere (Caldeira and Wickett 2003) . The potential responses of coccolithophores to future changes in the marine environment will consequently alter their role in the oceanic carbon cycle, a topic that has received widespread attention Smith et al. 2012) .
Emiliania huxleyi is the most abundant coccolithophore species, forming large blooms that are readily observed using satellite imagery of the oceans (Holligan et al. 1983 (Holligan et al. , 1993 Westbroek et al. 1993; Honisch et al. 2012 ). Due to its global distribution, E. huxleyi populations have high genetic variability (Iglesias-Rodriguez et al. 2006) and five morphotypes (A, B, B/C, C, and R; Young and Westbroek 1991) . There are a growing number of studies suggesting differential responses across different E. huxleyi strains/morphotypes to the changes in seawater carbonate chemistry (summarized in Table 1 ). Some studies indicate decreased E. huxleyi Table 1 . Trends in the physiological responses of E. huxleyi to changes in pCO 2 (reported as the pCO 2 range of conditions) summarized from published studies. Data are presented on the location of the isolate, incubation conditions (nitrate, phosphate, irradiance, and temperature), and seawater carbonate chemistry manipulation methods (CO 2 man.). Trends are expressed in terms of growth rate (l), particulate organic carbon productivity (POC prod.), particulate inorganic carbon productivity (PIC prod.), cellular particulate organic carbon (POC) content, cellular particulate inorganic carbon (PIC) content and the cellular PIC : POC ratio. """ represents increase, "#" represents decrease and "nc" represents no significant change to altered environmental conditions. POC prod./PIC prod. with asterisks (*) indicate productivity which were calculated based on growth rate and cellular POC and PIC contents instead of from direct measurements.
E. huxleyi strain Isolation location
Morph.
Nitrate lM (Riebesell et al. 2000; Zondervan et al. 2001; Feng et al. 2008) ; however, contradictory results of increased calcification due to rising pCO 2 have also been reported (Iglesias-Rodriguez et al. 2008; Shi et al. 2009 ), suggesting strain-specific responses Langer 2011) . This diversity of responses by E. huxleyi demonstrates the complexity in understanding the regulatory mechanisms of this ecologically important calcifier to changes in seawater carbonate chemistry (see summaries of Findlay et al. 2011; Hoppe et al. 2011; Raven and Crawfurd 2012) . In addition to seawater carbonate chemistry, other environmental factors will change simultaneously due to future global climate change, such as temperature (Bopp et al. 2001 ) and mixed layer depth in some areas (Sarmiento et al. 2004 ). Changes to the mixed layer depth will alter the upper ocean integrated irradiances, and increased density stratification will diminish the vertical nutrient supply to phytoplankton (Boyd and Doney 2002) . Each of these environmental factors may regulate different cellular processes of E. huxleyi in various ways. For example, light (Nimer and Merrett 1993) , nutrient concentration (Paasche and Brubak 1994; Langer and Benner 2009) and temperature (Paasche 1968 ) may all influence the calcification rate of E. huxleyi. In the present study, these environmental factors are referred to as "drivers," which is defined by Boyd and Hutchins (2012) as "an environmental change that results in a quantifiable biological response, ranging from stress to enhancement." Moreover, these environmental drivers not only affect E. huxleyi physiology individually, but also have interactive effects and modulate the responses of E. huxleyi to OA (reviewed by Paasche 2002; Zondervan 2007; Raven and Crawfurd 2012) . For example, nitrogen source (Lefebvre et al. 2012) , light intensity (Rokitta and Rost 2012) and temperature (Sett et al. 2014 ) could all modulate the CO 2 effects on calcification of E. huxleyi (strains CCMP 371, RCC 1216, and PML 92/11, respectively) either by altering resource allocation or energy availability.
Most of the previous laboratory and field studies on the responses of E. huxleyi to environmental change have focused on Northern Hemisphere isolates and less information is available for Southern Hemisphere strains (Stojkovic et al. 2013 ). However, coccolithophore blooms are equally influential in the southern hemisphere based on ocean color satellite imagery (Moore et al. 2012) , especially with the widespread observation of the "Great Calcite Belt" in the Southern Ocean (Balch et al. 2011 ). Genetic differences between Southern and Northern Hemisphere E. huxleyi strains have been reported, based on micro-satellite analysis (Iglesias-Rodriguez et al. 2006 ). As such, it can be speculated that the physiological responses of the Southern Hemisphere strains to global climate change would be different to their Northern Hemisphere counterparts. (Paasche 2002; Zondervan 2007) , to date there has been no systematic examination of how projected marine environmental changes, especially to multiple environmental drivers, will affect coccolithophore physiology of either the Northern or the Southern Hemisphere strains. This is due to most previous studies focusing mainly on the effects of a single environmental driver, and there are only a few attempts examining the interactions between two or three drivers (e.g., Feng et al. 2008; Sett et al. 2014) . Boyd et al. (2010) provided the first attempt to rank the importance of the environmental drivers (such as temperature, irradiance, nitrogen, phosphorus, and iron) on controlling coccolithophores based on evidence in published literature. Boyd et al. suggested that temperature may play the most important role in regulating coccolithophore physiology. Such ranking provides a helpful diagnostic tool to explore how changes in these environmental drivers, both individually and interactively, will affect phytoplankton groups . In the present study, we used climate model projections for the Subtropical Convergence, a circumpolar boundary between subantarctic and subtropical waters east of New Zealand, to project changes in five environmental drivers which are known to affect E. huxleyi physiology: nitrate concentration, phosphate concentration, irradiance, temperature, and pCO 2 . Here, in order to better predict how E. huxleyi will respond to future changes of multiple environmental drivers, we conducted a series of manipulation experiments on an E. huxleyi strain isolated from this region to assess the relative importance of each environmental driver on the physiological rate processes (growth, photosynthetic and calcification rates) of E. huxleyi.
Materials and methods

Experimental setup
The coccolithophore, E. huxleyi (strain NIWA1108), was isolated from the Chatham Rise, the location of the circumpolar Subtropical Convergence east of New Zealand by Dr. H. Chang (NIWA) in November 2008. The Chatham Rise region is characterized by non-limiting concentrations of dissolved iron that are supplied from subtropical waters east of New Zealand (Boyd et al. 1999 ). The stock culture was maintained in the laboratory at 148C and at 140 lmol photons m 22 s
21
, under a 12 h/12 h light/dark cycle. The media used for maintaining the stock culture and the manipulation experiments were made with aged coastal seawater from Otago Harbour (45.98S, 170.58E) (salinity 34.5; phosphate 0.3-0.4 lM, nitrate 3-6 lM, silicate 4-6 lM), filtered through a 0.2 lm pore size filtration cartridge (Whatman TM ). For the stock culture, the medium was supplemented with nutrients to give a final phosphate concentration of 6 lM and nitrate of 96 lM, without silicate addition. Trace metals and vitamins were added to f/20 level [10 times dilution of f/2 trace metal and vitamin recipe (Guillard and Ryther 1962) ]. The trace metal and vitamin concentrations were kept at these levels in all of the manipulation experiments. The design of each manipulation experiment was analogous to a reaction norm (i.e., fitness vs. environment; Woltereck 1909; Gabriel and Lynch 1992) and was based on defining the response of a range of physiological rates, such as calcification, to changes in the environment. To begin the manipulation experiments, E. huxleyi cells in exponential growth phase were transferred into 500-mL polycarbonate bottles with screw caps and subjected to a series of semicontinuous incubation experiments under different nutrient, irradiance, temperature, and pCO 2 conditions. Only one driver was manipulated at a time in each experiment, with the levels of the other drivers remaining the same as the stock culture growing conditions. Initial cell abundances were diluted to 10 4 cells mL 21 in all bottles and in vivo chlorophyll a (Chl a) fluorescence was monitored daily as an indicator of Chl a biomass and cell growth (Gilbert et al. 2000) . After 2-3 d of acclimation under the experimental conditions, daily dilution was started using freshly made seawater medium added into each bottle to adjust the biomass to that of the previous day. Triplicate bottles for each set of conditions were incubated. All of the experiments were carried out in a walk-in growth chamber, with overhead metal halide lamps (full spectrum) as the light source, and a light/ dark cycle of 12 h/12 h. Irradiance levels for all the manipulation experiments were measured by submerging a quantum PAR sensor inside the incubation bottles. The phosphate manipulation experiment was performed using five treatments: 0.4 (seawater background concentration) lM, 2 lM, 6 lM, 10 lM, and 20 lM. Six treatments were examined in the nitrate manipulation: 3.7 (background) lM, 6 lM, 12 lM, 48 lM, 96 lM, and 200 lM. These irradiance levels were obtained by wrapping bottles with different layers of neutral density screen. Temperature (148C) during the irradiance manipulation was controlled by submerging the bottles in a tank connected to a chiller (HC150A, Hailea, China) via a water pump. Six treatments were examined in the temperature manipulation: 48C, 78C, 118C, 158C, 208C, and 258C. The cultures at 48C were acclimated to the low temperature gradually by growing stock cultures at 78C for 3 d and then transferring them to 48C for the experiment. In all cases, temperature in each tank was monitored continuously, with variation less than 6 0.58C.
For the CO 2 manipulation, six pCO 2 treatments (8 Pa, 15 Pa, 39 Pa, 58 Pa, 74 Pa, and 109 Pa; equivalent to 79 ppm, 150 ppm, 382 ppm, 568 ppm, 733 ppm, and 1080 ppm)
Environmental controls on E. huxleyi physiology were examined. Seawater media were pre-adjusted to the desired condition by bubbling with nitrogen gas (for 8 Pa, 15 Pa, and 39 Pa) or 10% CO 2 in air (for 58 Pa, 74 Pa, and 109 Pa) before the daily dilution of the cultures. The caps of the incubation bottles were designed with a pH sampling port and gas in-and out-flow ports. CO 2 concentrations were maintained in the bottles by gentle bubbling of certified commercial CO 2 and air gas mixtures, at the corresponding concentrations, through Tygon TM tubing connected with the gas in-flow ports. The pH ports were connected to an automated spectrophotometric pH measurement system (Mcgraw et al. 2010) to measure the pH of all treatments before and after their daily dilution. The monitored pH values were relatively constant (6 0.015) during the incubation period and the difference in the seawater carbonate chemistry between the culture medium and within the incubation bottles was small (Supporting Information Table S1 ). The final sampling was not performed until after the growth rate, which was monitored daily, became relatively constant (i.e., daily variations < 10%) for more than seven generations (Feng et al. 2008 ). This enabled acclimation of the cultures to the experimental conditions for 20 d. Subsamples from each bottle were collected for cell counts, Chl a biomass, elemental components [Particulate Organic Carbon (POC), Particulate Inorganic Carbon (PIC), Particulate Organic nitrogen (PON), and Particulate Organic Phosphorus (POP)], calcification and photosynthetic rates, morphological analysis of the coccoliths using Scanning Electron Microscopy (SEM), and for seawater carbonate chemistry analysis.
Sample analyses
Cell counts and Chl a Samples for cell counts were preserved by adding 6 lL modified Lugol's solution (dissolving 10 g KI and 5 g iodine crystals in 20 mL Milli-Q water, then adding 50 mL of 5% anhydrous sodium acetate solution; (Uterm€ ohl 1958) to 1 mL of sample, and then kept in the dark at 48C. Samples were counted with a nanoplankton counting chamber (PhycoTech, U.S.A.) using a Zeiss microscope (Axiostar plus, Germany) at 3200 magnification. In vivo Chl a fluorescence was measured daily within 2 h of the start of the light period for consistency in measuring the daily growth rate using fluorometry. For in vitro Chl a concentration at the end of the experiment, samples were obtained and analyzed following procedures in (Welschmeyer 1994) . Growth rate (l) was calculated using in vivo Chl a fluorescence daily as: l 5 ln [N(T 2 )/N(T 1 )]/(T 2 2 T 1 ), in which N(T 1 ) and N(T 2 ) are the in vivo Chl a fluorescence values at T 1 and T 2 .
Photosynthetic and calcification rates The 14 C incubation technique (Paasche 1964; Paasche et al. 1996 ) was used to determine photosynthetic and calcification rates. Within the first 3 h of the light phase on the final sampling day, two 50 mL subsamples from each triplicate bottle were spiked with 2 lCi NaH 14 CO 3 . One subsample was incubated in the light and the other in the dark for 4 h. Then two sets of 25 mL aliquots from each subsample were filtered onto Whatman GF/F filters. The filters for photosynthetic rate determination were fumed with saturated HCl before adding scintillation cocktail fluid (Hisafe3, Perkin-Elmer, U.S.A.). Photosynthetic rate and calcification rate was calculated as described in Paasche et al. (1996) . The elemental composition of E. huxleyi is described and discussed in Feng (2015) and Feng et al. (unpubl.) . Seawater carbonate chemistry Samples (250 mL) for alkalinity analysis were preserved with 200 lL of 5% HgCl 2 solution in glass bottles (Schott AG, Germany) with screw caps. Alkalinity was measured using potentiometric titration following the method of Dickson et al. (2007) . The accuracy of the method, as determined by analysis of Certified Reference Material (Andrew Dickson, Scripps Institution of Oceanography) was 6 2 lmol kg
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. The measurements were conducted using a Fluke high precision voltmeter, and the final calculation was carried out using custom-written software (K. Currie pers. comm.).
For DIC measurements, 20 mL borosilicate vials were filled with samples avoiding the formation of air bubbles, and fixed by adding 20 lL 5% HgCl 2 solution. The samples were capped tightly and stored at 48C in the dark until analysis. DIC concentrations were analyzed with an automated infra-red inorganic carbon analyzer (AIRICA, MARIANDA, Germany) connected with a LI-COR 820, and corrected to the Dickson seawater standards (Dickson et al. 2007 ). The estimated accuracy of the analysis was 65 lmol kg
. Total scale pH values (pH T ) were measured by a colorimetric method with thymol blue as an indicator dye using the automated seawater pH measurement system (Mcgraw et al. 2010 ). The seawater carbonate chemistry was calculated using the program CO2sys version 1.05 (E. Lewis and D. W. R. Wallace), using the constants in Mehrbach et al. (1973) , re-fitted by Dickson and Millero (1987) .
Coccolith morphology Samples for scanning electron microscopy were rinsed with Milli-Q water and filtered onto 0.6 lm porosity polycarbonate filters under 5-10 mm Hg of vacuum. The filters were then air-dried, mounted on stubs and coated with gold before examination by scanning electron microscope (JEOL Ltd, Tokyo, Japan) at the Otago Centre of Electron Microscopy. More than 20 individual cells and 100 coccoliths from each treatment were then randomly selected from the field of view and photographed at magnification of 36000-39000 (Henderiks et al. 2012) .
Data analyses
Fitting of reaction norms The reaction norms were fitted using the examined growth, photosynthetic and calcification rates on the final sampling day (acclimatized steady-state growth phase) and the environmental conditions at which the cultures were Feng et al.
Environmental controls on E. huxleyi physiology incubated. The dose-response curves of growth, photosynthetic, and calcification rate vs. nitrate and phosphate concentration and the growth rate vs. pCO 2 were fitted to the Michaelis-Menten function (Michaelis and Menten 1913) . The growth and calcification rate vs. irradiance curves and the growth rate of steady growth phase/photosynthetic rate/ calcification rate vs. pCO 2 curves were all fitted using the Monod function with an inhibition term after Litchman (2000) and Megard et al. (1984) . The growth, photosynthetic, and calcification rate vs. temperature curves along with the calcification : photosynthesis (Cal : Photo hereafter) ratio vs. temperature were fitted using the thermal tolerance function described in Thomas et al. (2012) . A photosynthesis vs. irradiance function with a photo-inhibition term (Webb et al. 1974; Sakshaug et al. 1997 ) was used to fit the photosynthetic rate vs. irradiance response curves.
The Cal : Photo ratio vs. nitrate concentration and phosphate concentration curves were fitted using a modified Monod function. The Cal : Photo ratio vs. irradiance curve was fitted using a one phase decay model; while the Cal : Photo ratio vs. pCO 2 curve was fitted with a linear regression model.
All of the curve-fitting was performed using a least square fit with Prism software (version 5.0; GraphPad Prism Software, San Diego, CA, USA) and the triplicate data for each treatment. The equations for the fittings and fitted constants and the parameters of goodness of fit generated from each fitting are presented in Supporting Information Table S2 .
Statistical analyses
The effects of each driver on the physiological rates of E. huxleyi were determined with one-way analysis of variance. Differences between treatments were considered significant at p < 0.05. Post-hoc comparisons were conducted using the Student-Neuman-Keuls (SNK) test to determine any pairwise differences.
Ranking the importance of the environmental drivers A semi-quantitative approach was used to rank the relative importance of individual drivers on each physiological process. First, the specific physiological metric (such as growth or calcification rate) at the (mean) present-day condition (e.g., filled symbol in Fig. 1 ) and the projected condition (e.g., open symbol in Fig. 1 ) for 2100 (Table 2 ; Boyd and Law 2011; Rickard et al. unpubl.) , were derived from the fitted dose-response curve for each driver. The magnitude and direction of change in each physiological metric was calculated as the percentage change of the projected future (2100) condition relative to that for the present day ( Table  2) . The ranking was then performed by comparing the values of the percentage changes of each physiological parameter caused by each driver. The driver that caused the largest change was ranked as the most influential controlling factor, and vice versa. This approach was used as an initial assessment to examine the importance of the changes of the five drivers on the physiology of E. huxleyi by 2100.
Although the models used for data-fitting were carefully selected based on prior publications, there are limitations in the model fitting and hence the propagation of errors, causing inevitable mismatches between the model predictions and the measured values (Barry and Elith 2006) . Therefore, it is important to recognize that there are instances where the model prediction indicates an increase or decline in a certain physiological metric but the results of the ANOVA (within a 
Results
Environmental controls on growth rate The growth rate of E. huxleyi increased with nitrate until 50 lM, where it plateaued (Fig. 2a) . At the lowest concentration examined (3.7 lM), growth rate (0.10 6 0.01 d
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) was 90% lower than the (fitted) maximum growth rate l max (0.88 6 0.04 d 21 ; Fig. 2a ; Supporting Information Table S2 ).
In contrast to nitrate, the growth rate of E. huxleyi remained relatively constant across all phosphate concentrations (Fig.  2b) . Growth increased by 18% between 0.4 lM and 2 lM, from 0.55 6 0.01 d 21 to 0.64 6 0.01 d
, with no change at higher concentrations. The half saturation constant of phosphate for growth (K m ) was 0.11 6 0.01 lM, and the ratio of K m between nitrate and phosphate was 100.
Increasing irradiance promoted the growth of E. huxleyi, with a maximum growth rate at 100 lmol photons m 22 s 21 (Fig. 2c) warming, from 0.07 6 0.02 d 21 at 38C to 1.21 6 0.01 d 21 at 258C (p < 0.001; Fig. 2d ). The fitted growth rate vs. temperature response curve resulted in an optimal temperature of 238C with highest growth of 1.23 d
, 20% higher than that at 148C (i.e., the stock culture condition).
A trend of acclimation by E. huxleyi to altered pCO 2 was observed during the incubation. At the beginning, growth rate increased with rising pCO 2 ; the average rate from day 4 to 8 was lowest (0.42 6 0.01 d (Fig. 2e) . However, growth continued to increase in all treatments, until the acclimatized steady growth phase was reached on day 9. On the final sampling day, there was no significant difference among the growth rates in the four pCO 2 treatments between 15 Pa and 74 Pa, whereas the growth rates at 8 Pa (0.85 6 0.02 d 21 ) and 109 Pa (0.89 6 0.01 d
) were both slightly lower than the other four treatments (p 5 0.03, p 5 0.04 respectively, Fig. 2f ).
Response of photosynthetic and calcification rates to different drivers
Nutrients Nitrate concentration greatly affected the photosynthetic rate of E. huxleyi within the tested range (Fig. 3a) . The fitted half saturation constant K m was 13.71 6 4.74 lM, close to the value for growth rate (Supporting Information Table S2 ). Photosynthetic rate increased 10-fold (p < 0.001) from 0.06 6 0.00 pg C cell 21 h 21 at 3.7 lM nitrate to P max of 0.66 6 0.06 pg C cell 21 h 21 at 50 lM nitrate and plateaued at that point, similar to the growth vs. nitrate response. In the case of phosphate (Fig. 3b) , the photosynthetic rate of Feng et al. Environmental controls on E. huxleyi physiology 0.58 6 0.06 pg C cell 21 h 21 at the lowest concentration (0.4 lM) was 26% lower than that at 2 lM (p 5 0.01). However, no further significant change in this rate was observed across other treatments (2 lM, 6 lM, 10 lM, and 20 lM P). The ratio of K m (see Supporting Information Table S2 ) for photosynthetic rate between nitrate and phosphate was 114, higher than that for growth rate (100). The response of E. huxleyi calcification rate across a range of nitrate concentrations was similar to that of photosynthesis (Fig. 4a) . The fitted K m for nitrate was 21.40 6 8.31 lM for calcification, higher than for photosynthesis (13.71 6 4.74 lM; Supporting Information Table S2 ). Calcification increased at lower nitrate concentrations until reaching a maximum at 50 lM nitrate. The ratio of calcification rate to photosynthetic rate (Fig. 5a ) decreased slightly with nitrate concentration between 3.7 lM and 12 lM, with the lowest ratio at 12 lM. The ratio increased at higher nitrate concentrations, and there was no significant difference across the three highest nitrate levels tested (48 lM, 96 lM, and 200 lM; p > 0.05).
Calcification was relatively constant across all phosphate treatments (Fig. 4b) . However, there was a 30% decrease (p 5 0.03) in the Cal : Photo ratio when phosphate increased from 0.4 lM (1.12 6 0.16) to 2 lM (0.78 6 0.08). The ratio further increased from 2 lM to 10 lM phosphate (Fig. 5b) . However, there was no significant difference across the four phosphate treatments of 0.4 lM, 6 lM, 10 lM, and 20 lM. The lowest (fitted) Cal : Photo ratio was 0.73.
Irradiance The photosynthetic response to irradiance (Fig. 3c) 
Temperature
Warming significantly promoted the photosynthetic rate of E. huxleyi at the temperatures examined (Fig. 3d) . Calcification rate also responded significantly to temperature (Fig. 4d) . As for the trends in growth and photosynthetic rate, calcification increased significantly with warming, especially between 38C and 158C. The fitted optimal temperature for calcification was 208C, lower than those for both photosynthesis and growth. The Cal : Photo ratio was significantly lower at 48C and 78C (values below 0.3) compared to the other four treatments (Fig. 5d ). SEM observations showed severe malformation of coccoliths (Fig. 6a,b) at 48C and 78C, where > 95% of the examined coccoliths were with incomplete distal shield elements. At 48C, open central areas of the distal shields were also observed. At other temperature treatments, there was no significant coccolith malformation (see Fig. 6c for an example at 158C); the coccoliths had robust distal shield and curved central area elements and thus the E. huxleyi strain was identified as morphotype A (Young et al. 2003 ). The Cal : Photo ratio increased with temperature and reached a maximum of 0.92 at an optimal temperature 178C (Fig. 5d) . The calcification to photosynthesis ratio decreased at 208C and 258C, with a 37% decrease at 258C compared to the ratio at 158C (p 5 0.04).
CO 2 Changes in pCO 2 level did not affect the E. huxleyi photosynthetic rate significantly (Fig. 3e) . Although the average rate was slightly lower at 8 Pa, the difference across all the pCO 2 treatments was not statistically significant (p > 0.05). There was a non-significant decrease in E. huxleyi calcification rate with rising pCO 2 at 8 Pa (Fig. 4e) . In contrast, the Cal : Photo ratio decreased significantly with rising pCO 2 , especially in the four higher pCO 2 treatments (p < 0.05; Fig.  5e ). The ratio reduced by 23% from 0.94 6 0.14 at 8 Pa to 0.72 6 0.03 at 109 Pa linearly.
Ranking of the importance of environmental controls on E. huxleyi physiology Based on the calculations of percentage changes in physiological process rates, projected for future conditions at the Subtropical Convergence relative to those in the present day conditions, nitrate played the most important role in regulating growth, photosynthetic, and calcification rate, while CO 2 was the most important factor affecting the Cal : Photo ratio of E. huxleyi (Table 3 ). The 33% decrease in nitrate concentration from the present day level of 10-6.7 lM resulted in the highest percentage change (20% decrease) in growth rate among all drivers. Photosynthetic rate decreased by 22% and calcification rate declined by 25%, with a 33% decrease in nitrate concentration. For the Cal : Photo ratio, rising pCO 2 from 39 Pa to 74 Pa resulted in a 10% decrease. 
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Environmental controls on E. huxleyi physiology
Discussion
Effects of nitrate and phosphate concentrations on E. huxleyi physiology Nitrate concentration ranked as the most important driver controlling E. huxleyi growth, photosynthetic, and calcification rates in our study. Nitrate may be important in E. huxleyi physiology for three reasons. First, since nitrogen is an essential element for nucleic acid and protein synthesis, nitrate limitation might decrease the production of some proteins which are important transporters in photosynthesis and calcification (Raven and Crawfurd 2012) . This may explain why in the present study the Cal : Photo ratio was not greatly affected by nitrate limitation since the two rates decreased to a similar degree with lower nitrate concentrations. Moreover, for calcification, these proteins may include DIC transporters in carbon concentrating mechanism (CCM) (Quigg et al. 2011) (Mackinder et al. 2011) . Second, nitrogen is the element for synthesizing the organic matrix materials of coccoliths and so nitrate limitation may affect coccolith formation of E. huxleyi (Paasche 1964; Nimer and Merrett 1993; Sciandra et al. 2003) .
Nitrate concentration played a more important role than phosphate in regulating the growth rate of E. huxleyi. Here, the ratio of the half saturation constants between these two inorganic nutrients was 100, approximately six times the Redfield ratio of 16 (Redfield et al. 1963) . Previous studies also suggest that E. huxleyi is, in general, a poor competitor for nitrate (Riegman et al. 1992 ). However, it has a much higher affinity for phosphate than other phytoplankton species (Riegman et al. 2000) , with the ability to utilize organic phosphorus forms with the cell-surface bound enzyme, alkaline phosphatase (Riegman et al. 1992; Falkowski et al. 2004; Arrigo 2005) . The above discrepancy in E. huxleyi phosphate Table 3 . Comparison of growth, photosynthetic, and calcification rates, and calcification: photosynthesis ratios between projected (year 2100) and present day Chatham Rise upper ocean conditions. Rankings of the influence of each environmental driver on the physiological rate processes are expressed as follows: (1) most influential to (5) least influential. "1" represents a rate increase and "2" represents a rate decrease under future conditions relative to the present day. ; temperature treatments: 118C, 158C, and 208C) based on the one-way ANOVA. "n.s." indicates non-significant difference (one-way ANOVA) among all the treatments used for the fitting.
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Environmental controls on E. huxleyi physiology and nitrate affinities in our study also explains the lack of a physiological response to increased phosphate compared to nitrate concentration. In addition, the biomineralization pathway in E. huxleyi is mainly based on acidic polysaccharides (APSs), which bind calcium ions and regulate the crystallization of calcium carbonate, and are able to bind to a positively charged protein at the end of the crystallization process (Westbroek et al. 1984; Marsh 1994 ). This mechanism is different from other biomineralization pathways, such as silicification in diatoms. The latter is mainly energized by oxidative phosphorylation (Blank et al. 1986 ) and protein based (Frigeri et al. 2006) . Therefore, E. huxleyi is likely to be much more competitive, compared to other phytoplankton groups, under phosphate-limiting conditions, in both the Northern and Southern Hemisphere. This assertion provides a compelling explanation for other research that observed blooms of E. huxleyi under oceanic conditions where nitrate was replete but phosphate was less than 0.3 lM (Riegman et al. 2000) . Also, the high affinity of E. huxleyi for phosphate has been successfully used as the experimental basis for a model of its distribution in the NE Atlantic (Tyrrell and Taylor 1996) .
Effects of irradiance on E. huxleyi physiology In our study, increasing the irradiance level greatly promoted the growth and photosynthetic rates of E. huxleyi below the saturation point. Some previous studies on Northern Hemisphere E. huxleyi strains observed a higher saturating irradiance for E. huxleyi growth than other phytoplankton groups, even at > 300 lmol photons m 22 s 21 depending on the incubation temperature (Nanninga and Tyrrell 1996; Paasche 1999) . In comparison, the present study suggested a lower saturation irradiance of 100 lmol photons m 22 s 21 for growth and photosynthesis at 148C, and photo-inhibition was only found at the highest irradiance tested (650 lmol photons m 22 s
21
) for both growth and photosynthesis.
Interestingly, the calcification rate of E. huxleyi in the present study was saturated at a lower irradiance than that for both growth and photosynthesis, with photo-inhibition of calcification also observed at the lower irradiance of 350 lmol photons m 22 s 21 . Similarly, a study on Northern
Hemisphere E. huxleyi strain 88E found that calcification was less light dependent than photosynthesis with calcification observed in the dark at 158C and 208C (Nimer and Merrett 1993) . The differential dependency on irradiance between calcification and photosynthesis might be due to the discrepancy in energy requirements of the two processes. The photon cost for calcification is considered to be 30% of that for photosynthesis as calculated by Anning et al. (1996) and even as low as 19% according to Raven and Crawfurd (2012) . Previous studies provide evidence that the E. huxleyi calcification process is regulated indirectly by irradiance via the supporting energy from cyclic phosphorylation generated in photosystem I (PSI) but not PSII (Paasche 1966b) , and is dependent on the blue-light effects on HCO 2 3 transportation (Paasche 1966a (Paasche , 2002 Anderson 2005) . This mechanism of calcification regulation by irradiance indicates that the possibility of direct energetic limitation on calcification by irradiance is less likely compared with photosynthesis. Many studies have found a conspicuous dark calcification in short-term 14 C incubation (Paasche 1966b; Balch et al. 1992; Nimer and Merrett 1992) . This may explain the higher calcification rate at low irradiances leading to significantly higher Cal : Photo ratio at the two lowest levels of 14 lmol photons m 22 s 21 and 40 lmol photons m 22 s 21 in our study. These findings also indicate that, with the shoaling of the mixed layer in the predicted future marine environment, the calcification process is likely to be weakened more than photosynthesis in E. huxleyi cells under increased irradiance, and thus lead to a decrease in inorganic carbon to organic carbon production by this species.
Effects of temperature on E. huxleyi physiology Temperature is an important factor controlling the metabolic rates of marine phytoplankton (Raven and Geider 1988) . In the present study, the southern hemisphere temperate strain of E. huxleyi was able to grow across a temperature gradient of 218C (4-258C). Compared to other coccolithophore species, E. huxleyi is considered to be a r-selected species with higher growth rates (Fagerbakke et al. 1994) ; therefore, it has been found in the ocean globally, with a wide temperature range of 1-308C (Winter et al. 1994) . However, in the present study E. huxleyi cells grew much more slowly at the lowest temperatures of 48C and 78C, compared to other treatments. It has been suggested that the wide distribution of E. huxleyi is caused by the existence of temperature-selected ecotypes (Paasche 2002) . A survey of Southern Ocean surface water coccolithophore distributions from 2001 to 2006 (Cubillos et al. 2007) found the E. huxleyi morphotype A was only observed north of the Polar Front, while the other morphotype B/C (less calcified) mainly dominated in the colder region (south of the Polar Front). In line with Cubillos et al. (2007) , the observed growth suppression of the E. huxleyi morphotype A at low temperatures in our study indicates that its ability to adapt to low temperature conditions may be limited; and thus the morphotype A is likely to be out-competed by other E. huxleyi morphotypes in the sub-polar or polar regions. On the other hand, previous study has suggested that the calcification of E. huxleyi morphotype B/C might be more sensitive to the change in seawater carbonate chemistry (M€ uller et al. 2015) . As such, the PIC production of E. huxleyi populations in the cold sub-polar/polar regions might be weakened more by the future trend of ocean acidification than the temperate regions.
In the present study, the optimal temperature for calcification was lower than that for photosynthesis. This led to a Feng et al.
Environmental controls on E. huxleyi physiology significantly lower Cal : Photo ratio at 258C compared to that at 158C, and yielded an optimal temperature of 178C for the Cal : Photo ratio. Interestingly, the temperature optimum for calcification was closer to the temperature (148C) of the stock culture in our study, and lower than that for growth or photosynthesis, as also reported for the Northern Hemisphere E. huxleyi strain BT-6 by Watabe and Wilbur (1966) . Based on these findings, it can be speculated that with the 2-68C warming in the future ocean, the calcification process of E. huxleyi is likely to be impaired while photosynthesis will be favored and lead to a lower Cal : Photo ratio and a reduced rain ratio (Rost and Riebesell 2004) . In addition to the Cal : Photo ratio, the morphology of the coccoliths can also be affected by temperature. In the present study, along with the significant decrease in Cal : Photo ratio at 48C and 78C, there was also a greater occurrence of severely malformed coccoliths with incomplete distal shield elements at these lower temperatures. This malformation might be a consequence of the mismatch between cell growth and crystal formation at low temperatures (Watabe and Wilbur 1966) and lower tolerance of calcite formation to low temperature than photosynthesis. However, despite of the obvious coccolith malformation and low calcification rates at the two lowest temperature treatments, the cellular particulate inorganic carbon content was not significantly decreased in our study (Feng 2015; Feng et al. unpubl.) . This can probably be attributed to the larger cell size at low temperature (data not shown). Similarly, by examining the malformation of coccoliths of several E. huxleyi strains under different CO 2 concentrations, Langer et al. (2011) also suggests a lack of correlation between morphology and calcification/accumulated cellular calcite.
Effects of CO 2 on E. huxleyi physiology
The effects of rising pCO 2 on the physiology of E. huxleyi, especially on calcification, have received increasing attention during the last decade due to the sensitivity of calcification to seawater carbonate chemistry change (e.g., Riebesell et al. 2000; Iglesias-Rodriguez et al. 2008) . However, the results of the many studies from a wide range of E. huxleyi isolates and environmental conditions (Table 1) suggest no significant group-specific response patterns in the physiological sensitivity of E. huxleyi to altered pCO 2 .
In the present study, rising pCO 2 slightly decreased calcification and the Cal : Photo ratio, but had no significant effect on either the photosynthetic or growth rate during the steady-state growth phase. E. huxleyi has a functional CCM, utilizing HCO 2 3 as inorganic carbon source by active transport or by catalyzed dehydration and diffusion of CO 2 (Kottmeier et al. 2016) . This explains that the growth of E. huxleyi in our study was able to acclimate to pCO 2 as low as 8 Pa after 16 d' of incubation. Carbonic anhydrase (CA) is present in the chloroplasts of E. huxleyi cells, and may convert HCO 2 3 to CO 2 at the site of carbon fixation (Nimer et al. 1994 (Nimer et al. , 1997 . Although E. huxleyi coccolith-bearing C-cells may lack external CA under exponential growth, studies suggested that the external CA of the high-calcifying Northern Hemisphere E. huxleyi strain 88E was activated under low DIC concentrations . More recent work on functional gene expression of E. huxleyi strain B92/ 11 observed that three of the five CAs measured (including both external and internal CAs) were up-regulated at low pCO 2 after > 7 generations of acclimation (Bach et al. 2013) . Similarly, for a northern hemisphere E. huxleyi strain RCC1256 and three other coccolithophore species, the growth was not suppressed under DIC concentration as low as 2 mmol kg 21 (267 latm), compared to higher pCO 2 treatments at steady pH (Hermoso et al. 2016) . Hence, increased activity of CAs may also be the case in the present study for a Southern Hemisphere strain, explaining the acclimation of E. huxleyi growth to low pCO 2 conditions and the lack of an effect of pCO 2 on photosynthetic rate. The growth rate of E. huxleyi during the steady-state growth phase decreased slightly at high pCO 2 in our study, and there was an even greater decrease in the calcification rate with rising pCO 2 . Based on the literature and the summary presented in Table 1 , these trends may be caused by the effects of increasing proton (H 1 ) concentration on cellular pH homeostasis at high pCO 2 (Riebesell and Tortell 2011) . Specifically, due to the presence of a H 1 permeable pathway located on the E. huxleyi plasma membrane, the intracellular pH of E. huxleyi may decrease linearly with decreasing extracellular pH and increasing HCO 2 3 concentration in the medium (Suffrian et al. 2011) , i.e., increasing pCO 2 in our study. Therefore, intracellular acidification may require more energy to counteract cytosol acidification by neutralizing the H 1 generated from calcification (Nimer and Merrett 1993; Hermoso 2015) , leading to the decreased calcification observed in the present study, especially at the highest pCO 2 . Our study observed a linear decrease in Cal : Photo ratio with rising pCO 2 . Calcification was hypothesized to be coupled with photosynthesis, as the CO 2 or H 1 produced in calcification may be used as substrate for photosynthesis and for uncatalyzed dehydration of the internal pool of HCO 2 3 , respectively, in order to minimize energy expenditure during active CCM (Giordano et al. 2005; Gussone et al. 2006; Ziveri et al. 2007) . However, recent studies provide new evidence that there is no absolute linkage between the two processes, as E. huxleyi photosynthesis was not affected when calcification rates were weakened at very low Ca 21 concentrations (Trimborn et al. 2007; Leonardos et al. 2009 ). According to the above findings, it is assumed that more photosynthetically derived energy must be relocated to maintain the trans-plasmalemma electrical potential difference (determined by the pH gradient) in order to pump out the extra H 1 generated in calcification at high pCO 2 (Raven 2011; Ries 2011; Taylor et al. 2011) , leaving less energy (Caldeira and Wickett 2003) . This may also affect E. huxleyi calcification as HCO 2 3 serves as the sole inorganic substrate for calcification (Paasche 2002; Raven and Crawfurd 2012) . Incubation experiments conducted under a wide range of inorganic carbon concentrations suggested that the calcification rate of E. huxleyi was regulated by the HCO 2 3 concentration in the medium, but not the ambient CO 2 concentration (Bach et al. 2013 , Table 1 ). However, the present study was conducted using a DIC manipulation method (CO 2 bubbling) to mimic changes projected in the marine environment; therefore it cannot dissect the differential effects on E. huxleyi of each seawater carbonate species (Hurd et al. 2009 ). In spite of the increase in HCO 2 3 concentration with increasing pCO 2 , both the calcification rate and Cal : Photo ratio decreased probably due to the effects of increasing H 1 concentration in our study, as described earlier.
The genotypic difference between various E. huxleyi strains Beaufort et al. 2011; Read et al. 2013 ) is thought to be one of the causes of the variety of responses of E. huxleyi calcification to CO 2 concentration, reported by numerous studies (see Table 1 for northern and southern hemisphere strains). Studies on three Southern Ocean E. huxleyi ecotypes/morphotypes indicate that there are genetic differences between different morphotypes (Cook et al. 2011) . In a study on Southern Hemisphere E. huxleyi strains by M€ uller et al. (2015) , they reported that the calcification of morphotype B/C was weakened more, with increasing pCO 2, than that of morphotype A. Hence, the differential sensitivity of different morphotypes in response to OA may probably explain the differences in PIC/calcification responses between our study and some other published results (Table 1) . For example, in our study, the calcification rate of E. huxleyi morphotype A only decreased slightly when pCO 2 increased from 39 Pa to 74 Pa (statistically non-significant); however, the cellular PIC content of a morphotype B/ C (Northern Hemisphere strain CCMP 371) decreased by 50% when pCO 2 changed within the same range (Feng et al. 2008) . These observations are also in line with the strainspecific responses of E. huxleyi to changing seawater carbonate chemistry examined by . In their study, E. huxleyi morphotype A strains RCC1238 and RCC1256 showed only little or non-significant changes in PIC/POC productions when pCO 2 rose from 200 ppm to 1000 ppm; while the ratio significantly decreased for morphotype B strain RCC1212 with rising pCO 2 (Table 1) .
Furthermore, the energy-dependent calcification response to CO 2 may be regulated by other environmental drivers (Raven and Crawfurd 2012) such as irradiance, temperature, and nutrient availability; thus these environmental conditions may regulate the calcification response to pCO 2 . Feng et al. (2008) reported that the cellular PIC content of E. huxleyi strain CCMP 371 was not significantly affected by pCO 2 at an irradiance of 50 lmol photons m 22 s
21
, but significantly decreased by raising pCO 2 at a higher irradiance of 400 lmol photons m 22 s 21 . The present CO 2 manipulation experiment was conducted at a temperature of 148C and irradiance of 140 lmol photons m 22 s
, the conditions at which the stock cultures were maintained and to which they would have acclimated. Our results indicate that changes in nitrate concentration, irradiance and temperature can all significantly affect the calcification rate of the Southern Hemisphere E. huxleyi strain. Therefore, the physiological response of E. huxleyi to change in pCO 2 would probably be different at other combinations of irradiance, temperature, and nitrate levels.
Future predictions of E. huxleyi physiology responses to environmental changes
The present study is able to tease apart the effect that each environmental driver plays on the growth, photosynthetic, and calcification rates, as shown in the conceptual model (Fig. 7) . Given that all the three rate processes are central processes in E. huxleyi physiology, and the Cal : Photo ratio has implications in the marine carbon cycle Fig. 7 . Conceptual model of the specific effects of each the five environmental drivers, within the examined ranges in this study, on the physiological rate processes and biogeochemical ratios of E. huxleyi. ***The box denotes the E. huxleyi cell. Different arrow types and colors indicate the different regulation norms as illustrated in the three squares below the figure. Arrows in bold indicate the environmental drivers that play the most important role regulating the connected physiological metrics under the predicted environmental conditions for the year 2100.
[Color figure can be viewed at wileyonlinelibrary.com] (Rost and Riebesell 2004) , these findings will help improve our understanding of how growth, photosynthesis, and calcification will respond to any future changes in the marine environment and how the consequent marine carbon cycle will be affected by the changes in E. huxleyi physiology. The results suggest that the predicted reduction of nitrate concentration by 2100 in the Chatham Rise area may result in a decrease in the growth, photosynthetic and calcification rates of E. huxleyi strain NIWA1108, with the change in nitrate concentration playing the most important role in regulating these physiological rates compared to the other four environmental drivers tested here. Temperature plays the second most important role in regulating the growth and photosynthesis of E. huxleyi by increasing both growth and photosynthetic rates. Moreover, rising pCO 2 ranks second in importance in regulating calcification, by decreasing the calcification rate. Rising pCO 2 will also decrease the Cal : Photo ratio of E. huxleyi, and is ranked as the most important driver controlling this ratio.
Our study provides evidence of the differential effects on E. huxleyi physiological rate processes by changes various environmental drivers; and thus the interplay between these drivers may amplify or offset the effects of individual drivers, that is, having synergistic/antagonistic interactions as described in Folt et al. (1999) . In the future marine environment, marine phytoplankton will be subjected to complex simultaneous changes of multiple environmental drivers (Boyd et al. , 2015 (Boyd et al. , 2016 Boyd and Hutchins 2012) . For the future Chatham Rise area, based on our results, the projected decrease in nitrate concentration will decrease the growth, photosynthetic and calcification rates of E. huxleyi by 20-25%. In contrast, warming will increase the three rates by 11-15%. This increase may offset the decrease in the rates due to decrease in nitrate concentration by roughly 50% in the future marine environment. On the other hand, rising pCO 2 (OA) itself will decrease the calcification rate by 12%, which may reinforce the effects of decreased nitrate (Feng 2015; Feng et al. unpubl.) . Therefore, the interplay between the multiple environmental drivers may have complex interactive effects on the physiology of E. huxleyi, and these interactions are probably more dramatic than the additive effects of the single drivers examined in the present study (Feng 2015) . Furthermore, due to the importance nitrate concentration plays in all three rate processes for the E. huxleyi examined in our study, we speculate that the nitrate availability may also be the determining factor when studying the interactions between multiple drivers (Brennan and Collins 2015; Feng et al. unpubl.) . However, the available published relevant manipulation experiments on E. huxleyi are largely focused on a single environmental driver, mainly the effects of OA (Gattuso and Hansson 2011) . Therefore, further study on the complex interplay among the multiple environmental drivers will be a necessary addition to our knowledge to determine how this ecologically important species will respond to the concurrent changes in the multiple environmental conditions and its consequent biogeochemical feedbacks (Feng et al. unpubl.) .
The ranking in our study also indicates the importance of the scale of changes in the environmental drivers on E. huxleyi physiological rate processes. For instance, although changes in both irradiance and temperature significantly affected the growth, photosynthesis, and calcification rates of E. huxleyi within the range examined in the present study, neither driver played the most important role in regulating growth, photosynthesis or calcification based on future predictions for year 2100. This may be due to the small predicted future (2100) changes for these two drivers in the Chatham Rise. In the present study, irradiance was increased by 25% from 140 lmol photons m 22 s 21 to 175 lmol photons m 22 s
21
. Similarly, there was only a 28C predicted increase in temperature (from 148C to 168C) which led to smaller changes in growth, photosynthetic, and calcification rates than decreasing nitrate concentration. Therefore, the magnitude of predicted shifts in environmental conditions will also be an important factor when making predictions for future changes in E. huxleyi physiology in different regions.
In summary, this study provides evidence that, although OA may play the most important role in controlling the Cal : Photo ratio of E. huxleyi under the predicted future conditions for 2100 in the Chatham Rise area, other environmental drivers, such as nitrate concentration, play an even more influential role in regulating the growth, photosynthesis, and calcification rates. This further stresses the importance of considering other environmental drivers in addition to OA when examining the physiological responses of E. huxleyi to future environmental change.
